In order to determine whether the mechanical characteristics of the lungs of newborn infants imposed limitations on their ventilatory response to carbon diozide, I I premature and 5 full term infants ranging in gestational ages from 28-40 weeks and in birth weights from 964 to 4,040 g were studied by a rebreathing technique. Sensitivity to carbon dioxide determined by this method revealed a good correlation with compliance (r = 0.6, P < 0.001), and an even stronger correlation with gestational age (r = 0.84, P < 0.001). Because compliance also improved with increasing postconceptional age, the current study does not permit one to differentiate between neurologic or pulmonary mechanical factors which may affect ventilatory response to carbon dioxide. Speculation
compliance also improved with increasing postconceptional age, the current study does not permit one to differentiate between neurologic or pulmonary mechanical factors which may affect ventilatory response to carbon dioxide.
Speculation
Infants who respond to carbon dioxide with an increase in minute ventilation should also increase their rate of pulmonary work. Failure of this work rate to increase in response to elevated carbon dioxide tensions may indicate that nonresponsive infants are already working at their maximum level of pulmonary work, and would thus permit differentiation of infants who have mechanical limitations to increased performance as opposed to those who lack chemoreflexes.
METHODS
Sixteen infants, all of appropriate birth weight for gestational age, were the subjects of this study. Eleven (cases 1-1 1 ) were premature and ranged in birth weight from 964-1,700 g and in gestational age from 28-36 weeks. Five (cases [12] [13] [14] [15] [16] were born at term (approximately 40 weeks), and ranged in birth weight from 2,480-4,040 g. None were ill. All were studied with the knowledge and consent of their parents.
The maturity of infants is described in three ways. Postnatal age refers only to age after birth. Gestational age refers to age from conception to the time of birth, and is used only in connection with infants under 1 week of age. Postconceptional age refers to total age after conception, and includes both intrauterine and extrauterine maturation.
Serial studies were carried out on all premature infants beginning during the first week of life when possible, and at approxi&ately weekly intervals thereafter. All infants were studied within 60 min of feoeding. Environmental temperatures were maintained at 34-36 by the use of heat lamp or, in the case of the smaller infants, by incubator.
Functional residual capacity (FRC) was measured by the helium dilution method of Krauss and Auld (6) . Total pulmonary compliance was calculated from simultaneous tracings of intraesophageal pressure, obtained with a pressure Apneic spells of greater than 15-20 sec duration are a frequent occurrence in infants of low birth weight (9) . During these spells, oxygen tension falls, pH drops, and carbon dioxide tension rises. The presence of apnea under these conditions suggests either an absence of the reflexes which are normally sensitive to these modalities, or an inability of the lungs and muscles of respiration t o increase ventilation because of mechanical limitations. Previous studies from this and other laboratories (8, 12) have demonstrated the presence of chemoreceptors to oxygen in all infants, including those of very low birth weights. Newborn infants also are capable of forming a cerebrospinal fluid of appropriate pH in order to maintain a normal respiratory compensation (7) . Term and premature infants are able to increase their ventilation (VE) in response to increased tensions of carbon dioxide (1, 2, 4) . However, it is believed by some that their response to C02 is diminished compared with adults because of an inability to maintain a normal C02 during stimulation of respiration with COz (13) . The present study was undertaken to determine whether a limitation of ventilatory response to COP exists in the premature infant, and whether mechanical factors could account for the changes in the ventilatory response to C02 Fig. 1 . Rebreathing and sampling apparatus used in the present observed during the neonatal period. study. frequency in room air =breaths per minute; Af/APC02 = change in frequency/mm Hg Pc02 ; VT = tidal volume in cubic centimeters; AVT/APC02 = change in tidal volume per mm Hg PcO, .
transducer
Total pulmonary resistance was calculated from simultaneous tracings of intraesophageal pressure and respiratory flow using the same apparatus. The infant breathed into the spirometer through a rubber-rimmed face mask covering both nose and mouth. The mask was attached t o the spirometer with stiff polyethylene tubing with n o measurable resistance. Recordings were made on a 4-channel polygraph (14) . Calculations of resistance and compliance were made from tracings of 6-1 0 breaths during quiet spontaneous respiration according t o the method of Cook anc! colleagues (3). Volume was calibrated using a syringe of known volume. Pressure was calibrated with a water-filled manometer. Flow was calibrated electronically. Ventilatory response was determined b y the method of Read (1 l ) , allowing the patient t o rebreathe 40% oxygen and 5% carbon dioxide in a bag with a volume approximately equal t o that of the patient's FRC. Tidal volume was measured with a pneumotachygraph mask with a resistance of 1.0 cm H20/liter/sec (Fig. 1) . Flow through this mask was electronically integrated t o give volume. Gas was sampled from the mask a t the infant's nose and recirculated via an infrared CO2 meter (15). The polygraph was used t o obtain a simultaneous tracing of tidal volume and end-tidal carbon dioxide. The carbon dioxide built u p at a rate of I -1 .S%/min. Leaks were manifest as an acute fall in the continuous C 0 2 tracing; when this occurred the run was abandoned. Using the method of least squares tidal volume, respiratory frequency (f), and minute volume (VE) were plotted against end-tidal C 0 2 . Four or five points obtained at 30-sec intervals were obtained for the construction of each plot. The slope of the plot, AVE/PC02, represents the COz sensitivity. All data are presented in Table 1 . In addition, the data was analyzed in respect t o body weight (in kilograms) and FRC t o determine the effect of infant size.
* RESULTS
A significant correlation between C 0 2 sensitivity and compliance (r = 0.60, P < 0.001) was found when all data were pooled. No correlations between specific compliance (r = 0.005) and total pulmonary resistance (r = 0.37) and CO2 sensitivity were found.
When data from individual infants were examined, the correlations between C 0 2 sensitivity and compliance were less apparent. Some infants showed increases in C 0 2 sensitivity despite little or no change in the mechanical characteristics of their lungs (cases 2, 4, 6, 8, and 10). This led t o an examination of the relation between C 0 2 sensitivity and age. In general, increased C 0 2 sensitivity was seen with both increasing postnatal age (Fig. 2 ) and postconceptional age (Fig.  3) . Infants studied after 37 weeks' postconceptional age had 6 times the C 0 2 sensitivity of infants studied at less than 3 3 weeks' postconceptional age (262 cc/min/mm Hg versus 3 8 cclminlmm Hg, P < 0.005). These differences are Listed in Table 2 , along with data sized by body weight and FRC.
In order t o separate the effects of extrauterine development from intrauterine maturation, all infants studied a t under 1 week of postnatal age were compared after being separated into groups by gestational age. C 0 2 sensitivity showed a highly significant correlation with gestational age (r = 0.84, P < 0.001). These data are presented in Figure 4 .
When change in minute volume per kilogram of body weight or per cubic centimeter of FRC was plotted against Pco2, less mature infants continued t o show a significantly diminished response t o C 0 2 than more mature infants (Figs. 5-7) . Correlations with various physical and maturational variables are listed in Table 3 . Fig. 3 . Ventilatory response to carbon dioxide versus postconceptional age in weeks in infants of differing maturity.
Thirteen of the 1 6 infants studied had determinations of blood gases; all were within normal limits a t the time of study.
Infants 2-5 and 1 0 were found t o have essentially n o increase in minute volume in response t o increased C 0 2 during the first week of life, as indicated by a reduced slope (AVE/Pco,). In three of these cases (2, 4, and 5), tidal volume did not increase in response t o increased COz. Tidal volume fell in cases 5 and 10. Case 3 showed a fall in respiratory rate, which is reflected in a reduced VE. 
DISCUSSION
The present study demonstrates that premature infants of less than 33 weeks' gestational age have reduced ventilatory response to inspired carbon dioxide. Sensitivity to inspired C 0 2 appears to increase as 40 weeks' postconceptional age is approached. This effect appears t o be strongly related to postconceptional age, since more mature infants have a higher C 0 2 response even during the first week of life.
Less mature infants tend t o have smaller lung volumes and lower body weights than more mature infants. When changes in minute volume per millimeter of C 0 2 are expressed in terms of body size (length, weight, or lung volume), less mature infants still exhibit a diminished response to carbon dioxide when compared with term infants. Therefore, data from this study indicate a maturational effect independent of body size alone.
Although C 0 2 sensitivity correlates well with pulmonary compliance (r = 0.6), the effects of increased pulmonary compliance on C 0 2 response cannot be separated from those of age alone. Pulmonary compliance increases with postconceptional and postnatal ages. Thus, the roles of pulmonary and neurologic maturity cannot be separated in this study.
A significant finding was the failure of some infants to increase either tidal volume or respiratory rate during COz rebreathing. It has been suggested that the C 0 2 response of an individual is related to the ability to perform increased pulmonary work (5, 10) . The data obtained in this study of premature infants suggest that the infants who appear to be unresponsive to C 0 2 are either ( 1 ) performing respiratory work at the maximum rate possible or (2) truly lack reflexes for C 0 2 sensitivity. Since chemoreceptors for oxygen appear . / Sensitivity increased with postnatal age, body size, lung volume, and pulmonary compliance. Reduced sensitivity remained when all infants were compared on a weight or lung volume basis. This suggests a maturational effect unrelated t o
Gestational age lwksl t o be present in the most immature infants (8, 12) , one might reason that nonresponsive infants lack the ability t o increase their pulmonary work. This matter awaits further investigation.
SUMMARY
Premature infants were found t o have a reduced sensitivity t o carbon dioxide when compared with term infants. body size.
